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The origin of the colossal magnetodielectric (CMD) effect in DyMn2O5 [1] has been an outstanding
question in multiferroics. Here, we report the activation of the electric dipole mode at 4–5 cm−1
in an applied magnetic field which fully accounts for the CMD effect. We examine two alternative
explanations of this mode: a soft electromagnon and transitions between f-electron levels of Dy3+
ions. The experimental and theoretical evidence supports the electromagnon origin of the CMD
effect.
PACS numbers: 78.20.Ls, 78.30.-j, 75.85.+t,76.30.Kg
Large enhancement of the dielectric constant, ε, in an
applied magnetic field, called colossal magnetodielectric
or giant magnetocapacitance effect, is one of the most
spectacular phenomena occuring in multiferroic materi-
als with the magnetically-induced electric polarization.
This effect was first observed in DyMnO3, in which the
electric polarization is induced by a cycloidal spiral order-
ing [2]. In an applied magnetic field the spiral plane and
the electric polarization vector rotate through 90 degrees,
which results in the ∼ 500 % increase of the dielectric
constant. The origin of this large dielectric susceptibility
was traced back to the high mobility of the 90◦ magnetic
domain walls separating the two multiferroic states with
orthogonal electric polarizations, which makes possible
to move these walls with an electric field [3]. A charac-
teristic signature of this mechanism is the disappearance
of the CMD effect at frequencies of the order of 10 MHz.
A comparable increase of dielectric constant in a
magnetic field of 7÷8 T was found in the multifer-
roic DyMn2O5 [1] and initially was also attributed to
the relaxational dynamics of ferroelectric (FE) domain
walls [4]. In this Letter, we report an investigatation of
the spectral origin of the CMD effect in DyMn2O5 us-
ing the magnetic field and temperature dependences of
its far infrared transmission spectra and measurements
of the dielectric constant in MHz range. We show that in
this material the CMD effect originates from an emergent
electric dipole (ED) mode in the THz frequency range
(called here the X-mode) rather than kHz-MHz domain
wall motion, as in the case of DyMnO3.
We consider two possible candidates for this mode.
One is the tantalizing possibility of an electromagnon -
which is short for ”magnon with electric dipole activ-
ity”. Theoretically [5–9], the electromagnon is a lin-
early coupled lattice (phonon) and magnetic (magnon)
mode resulting in mode mixing:”repulsion” of the orig-
inal phonon and magnon frequencies as well as a par-
tial exchange of their oscillator strengths. The electro-
magnon is distinct from the nonlinear dynamic coupling
effects such as spin-phonon coupling, two-magnon cou-
pling, ED-active two-magnon coupling, or Raman-active
magnons. Recently discovered electromagnons [10–12]
are result of nonresonant magnon-phonon coupling at
q=0 in contrast with the well known ”anti-crossing” of
magnon and phonon branches [13] that occur at q 6=0 and
are detectable only by inelastic neutron scattering. Ac-
cording to recent analysis of inelastic neutron and in-
frared data on YMn2O5 [14], this no-rare-earth [15] mul-
tiferroic compound has three electromagnon modes: op-
tical phason near 1 meV and a doublet at 2.5 meV.
An alternative possible origin of dielectric constant
anomalies in rare earth oxides is associated with electric-
dipole transitions between the f levels of rare earth ions.
In both RMn2O5 and RMnO3, the rare earth ion oc-
cupies a site of very low symmetry Cs. As a result, the
crystal and ligand fields mix the f levels with the levels of
opposite parity, thus allowing the originally ED forbidden
f -f transitions to borrow some ED spectral weight from
the ED-allowed electronic excitations. We note that the
largest step-like anomaly of the dielectric constant is ob-
served in the 1-2-5 manganites with Dy3+ and Ho3+ [1],
which are known to have the lowest frequencies of the
f -f transitions among all rare earth ions.
The results of this work have been obtained on flux-
grown single crystals [1]. Transmission measurements
were performed on the Bomem DA8 Fourier-transform
spectrometer in the frequency range 10÷240 cm−1 and
on the Mach-Zehnder interferometer based spectrome-
ter [16, 17] which allows measurements of amplitude and
phase shift of the polarized light in the frequency range
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FIG. 1. (color online). Temperature dependence of the b-axis
dielectric constant of DyMn2O5 at selected frequencies and
magnetic fields. Dashed lines separate phases at H=0.
2÷20 cm−1 . In the transmission measurements, we have
used a 3× 3× 0.2 mm3 plane-parallel plate of DyMn2O5
glued to a 3 mm thick Si crystal with Stycast epoxy. Both
Si substrate and epoxy are transparent and magnetic field
insensitive in our range of experimental parameters.
To rule out possible domain-wall-motion origin of the
CMD anomaly, measurements of εb(ω, T,Ha) were per-
formed at frequencies ω up to 10 MHz, in magnetic field
Ha up to 7 T, and at temperatures T below 50 K (Fig. 1).
The fact that εb in fig. 1 does not depend on frequency in
the MHz range implies that the frequency of the X-mode
is greater than 10 MHz. We note that FE relaxor type
behavior with characteristic dispersion in kHz range was
indeed observed in RMn2O5 multiferroics, albeit above
50 K [18, 19].
The H-T phase diagram of DyMn2O5 was studied
by measuring FE and dielectric properties [1, 20, 21],
neutron scattering [22], magneto-elastic effects [23], and
infrared phonons [24]. At H=0, magnetic ordering of
Mn ions at 43 K is followed by FE phase transition at
39 K where εb diverges (Fig. 1). At lower temperatures,
there are four phases which are characterized by different
magnetic orders, electric polarizations and dielectric con-
stants. Magnetic fields further enrich this phenomenol-
ogy. The CMD effect is observed in a particular phase
called FM-IC2 (ferromagnetic incommensurate) above 4
T and below 20 K [22]. The shape of εb(1 kHz, T , 7 T)
may be understood as a peak similar to the one at 39 K
signaling another FE phase transition, a flat part in the
middle similar to Y- and TbMn2O5 step-like anomalies,
and an enhancement of the effect below 8 K where Dy
ions are fully ordered. The CMD effect is maximum at
7 T while at 10 and 17 T the shape of εb(T ) is almost
a pure step-like anomaly [21] very similar to TbMn2O5
at H=0. We note that the ionic radius of the Dy ion
is between that of Y and Tb suggesting that the unique
behavior for the RMn2O5 family must be due to mag-
netic properties of Dy ions. Indeed, ordered magnetic
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FIG. 2. (color online). Magnetic field dependence of the
far infrared transmission spectrum of the DyMn2O5 single
crystal. e and h are electric and magnetic fields of light. The
phonons are identified by insensitivity to magnetic field and
by analogy to Y- and TbMn2O5.
moments of Mn and Dy ions at H=0 are oriented mostly
along b-axis, in contrast with the other RMn2O5 com-
pounds where they are parallel to the a-axis.
We looked for the X-mode in the far infrared frequency
range (Fig. 2). Modes between 30 and 90 cm−1 and be-
tween 110 and 200 cm−1 are electronic f -f transitions.
The lowest observed mode in this frequency range is
slightly below 20 cm−1 and is, most probably, a weak
electromagnon doublet such as was observed in Y- and
TbMn2O5 [11]. Interestingly, f -f transitions have os-
cillator strength (assumed to be ED-active) comparable
to that of the main TbMn2O5 electromagnon, and they
are sensitive to magnetic field. For DyMn2O5, the to-
tal contribution from all modes in this frequency range
is ∆ε = ε(8T ) − ε(0T ) ≈ 1.5. Similarly, in measure-
ments of HoMn2O5 Sirenko et al. [25] found that all
modes with frequencies higher than 10 cm−1 result in
∆ε = ε(15 K, 0 T) − ε(25 K, 0 T ) ≈ 2.5, which implies
the existence of additional mode(s) below 10 cm−1.
By extending these measurements to lower frequencies
using a set of backward wave oscillators, we then found
the putative low frequency X-mode in DyMn2O5. Fig-
ure 3 shows the ratio of the transmission spectra taken
in magnetic field to the zero field spectrum. We iden-
tify the mode centered near 4 cm−1 as the X-mode re-
sponsible for the CMD effect. This mode is seen only
for magnetic fields exceeding 5 T, which agrees with the
field-temperature dependence of the dielectric constant.
The second mode near 16 cm−1 is also seen in Fig. 2.
We fit the millimeter wave spectra of DyMn2O5 using
the Lorentzian model (Eq. 1). The complex dielectric
function ε1 + iε2 of a crystal takes the form:
ε1 + iε2 = ε∞ +
∑ ∆εω20
ω2 − ω20 − iωγ
. (1)
Here ∆ε, ω0, γ, and S = ∆εω
2
0 are the dielectric constant
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FIG. 3. (color online). Relative transmission spectra of
DyMn2O5 in external magnetic fields. Symbols - experiment,
solid lines - Lorentzian fit (Eq. (1). The periodic oscillations
in the spectra are due to Fabry-Perot type of resonances (or
etalon effect) in the Si substrate which become visible due to
the change in the refractive index of DyMn2O5. The mode
near 4 cm−1 accounts for the CMD effect.
contribution, the resonance frequency, the damping fre-
quency, and the oscillator strength of an ED-active mode,
respectively.
The results are shown in Fig. 4 together with the fit-
ting parameters for TbMn2O5 spectra collected on the
Fourier-transform spectrometer. For TbMn2O5, the res-
onance frequency of the lowest electromagnon follows the
fit curve ω0(Ha) =
√
10.42 − 0.3H2a cm
−1 in agreement
with the prediction of Ref. 7 up to 3 T. Above this field,
the TbMn2O5 crystal undergoes a transition to another
magnetic phase, in which the parameters of this electro-
magnon are independent of magnetic field. This phase
extents up to 18 T, and at higher fields the static dielec-
tric constant decreases [26], which can be understood as
a suppression of the incommensurate magnetic order and
electromagnon. Although we were not able to measure
full transmission profile for TbMn2O5, we can conclude
that S does not change appreciably with the field and it
is assumed to be constant in Fig. 4(b). Calculated for
TbMn2O5 ∆ε(H) in panel (c) is in good agreement with
the ε(H) data from the dielectric measurements [1].
The magnetic field behavior of DyMn2O5 is qualita-
tively different from that of TbMn2O5 and most of the
other RMn2O5 compounds based on available ε(kHz, T ,
H) published data. The X-mode is observed only at
fields higher than 5 T. There is another phase bound-
ary at 6.5 T, where the field dependence of fit parame-
ters changes. Both compounds have a higher frequency
mode at 16 cm−1, albeit in different field ranges: for Tb
it is observed above 3 T, while for Dy it appears above
6.5 T. The CMD effect is clearly seen in Fig. 4(c) and
it is caused both by softening of the X-mode (panel (a))
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FIG. 4. (color online). Fitting parameters of the low fre-
quency modes for Tb- and DyMn2O5: (a) resonance fre-
quency, (b) oscillator strength, and (c) contribution to the di-
electric constant. Solid line in (a) is the prediction of Ref. 7.
Dashed line in (b) is the electromagnon spectral weight for
TbMn2O5 assummed to be field-independent and in (c) it is
the calculated contribution of the the low frequency electro-
magnon to the dielectric constant of TbMn2O5.
and by the growth of its spectral weight shown in panel
(b). Note that at 8 T the X-mode (Fig. 4(b)) reaches the
spectral weight of the TbMn2O5 electromagnon, which
may be evidence in favor of the electromagnon origin of
the X-mode.
We now extend our model of ferroelectricity and elec-
tromagnons in the 1-2-5 manganites [6, 14] to describe
the unique properties of DyMn2O5 (a full theoretical de-
scription will be published elsewhere). The RMn2O5 con-
sists of two inequivalent antiferromagnetic chains along
the a axis formed by Mn spins in the ab layers [27]. Due to
the zig-zag shape of the chains the exchange interactions
between the chains are frustrated. They favor an incom-
mensurate spiral state with the approximately right angle
between spins in neighboring chains through the Lifshitz
invariant, L1 ·
∂L2
∂x
−L2 ·
∂L1
∂x
, where L1(L2) is the antifer-
romagnetic order parameter for the chain 1(2). This state
competes with the nearly collinear commensurate state
favored by the single-ion magnetic anisotropies. The ex-
change mechanism for magnetoelectric coupling induces
an electric polarization along the b axis in the collinear
state and makes the oscillations of the angle between the
neighboring chains in the spiral state (optical phason)
ED active, which enlarges the dielectric constant εb of
4the spiral state. These two effects are mutually exclu-
sive: no electromagnons are observed in the collinear FE
state, whereas the spiral state with orthogonal spins in
neighboring chains shows electromagnon peaks and small
electric polarization.
This scenario, common for RMn2O5 compounds, does
not work for DyMn2O5. The absence of electromagnons
in the incommensurate state of this compound at zero
magnetic field can be explained assuming that this state
is induced not by the weak Heisenberg interchain interac-
tions, but by antisymmetric Dzyaloshinskii-Moriya (DM)
interactions involving the a- and b-components of spins
from neighboring chains, which phenomenologically are
described by the Lifshitz invariant,
(
Lx1
∂L
y
2
∂x
− L
y
2
∂Lx
1
∂x
)
+
(1↔ 2). They favor a spiral state in the ab-plane and the
DM energy is minimized for parallel spins in neighboring
chains. Thus, if the relativistic interchain interactions
are stronger than Heisenberg interactions, an incommen-
surate state (FE2 and the states at lower temperatures in
Fig. 1) can occur that shows no electromagnons. The ap-
plied magnetic field along the a-axis induces a flop tran-
sition, at which the spiral plane changes from ab to bc.
In the bc-spiral, the relativistic interchain interactions
become ineffective and the incommensurate state results
solely from Heisenberg interactions. The angle between
spins in neighboring chains then becomes close to 90 de-
grees, which gives rise to electromagnons and enhanced
dielectric susceptibility. The competition between the
spirals with the 0◦ and 90◦ angles between spins in neigh-
boring chains lowers the frequency of the optical phason,
resulting in the CMD effect. We note that similar elec-
tromagnon must be also present in DyMnO3. However,
the magnetoelectric coupling mechanism for this electro-
magnon is of relativistic origin [5] and its spectral weight
is much smaller than that of the exchange electromagnon
in DyMn2O5. That is why it does not play a role in the
DyMnO3 CMD effect.
Another candidate for the X-mode is an ED-active
transition between crystal and ligand field split f -levels
of Dy3+ ions. An optical study of DyAlO3, where Dy
3+
ion occupies a site with the same Cs symmetry as in
DyMn2O5, revealed a rich manifold of 4f
9 electron con-
figuration, with an additional (magnetic) 3 cm−1 split-
ting of the ground state below TN = 3.4 K, and two meta-
magnetic transitions in magnetic fields below 2 T [28]. In
magnetic states with broken inversion symmetry, f -levels
mix with electronic states of opposite parity, which makes
the f -f transion ED allowed. It is not clear, however,
whether the ED matrix element between the lowest f -
levels separated by 4 cm−1 in energy is large enough to
explain the CMD effect.
The following arguments are in favor of the electro-
magnon interpretation: 1) the temperature dependence:
the X-mode activates sharply below 20 K, as is seen from
εb(kHz,T ,H), while the magnetic ordering of Dy ions is
expected only below 8 K; 2) the strength of the X-mode
anti-correlates with the electric polarization, as expected
for electromagnon [6]; 3) the CMD effect is observed for
electric field strictly along the b-axis, as is the case for
electromagnon peaks, while the transitional dipoles for
f -f transitions are not oriented along crystal axes [25].
As for the f -f transitions, the spectral weight transfer
from the ED-allowed electronic transitions is likely to be
small due to very small displacements of magnetic ions
in 5 T fields and large energy separation between the X-
mode and the 2 eV optical gap for the ED-allowed elec-
tronic transitions. Finally, the crystal and ligand fields in
DyMn2O5 are not much different from DyMnO3 where
Dy3+ ion occupies site of the same local Cs symmetry,
but DyMnO3 does not have the X-mode.
In conclusion, our experimental data and their analysis
suggest that the CMD effect in DyMn2O5 is caused by
a low-frequency electromagnon (optical phason), which
activates in a magnetic-field-induced phase with nearly
orthogonal magnetic sublattices. The strength of this
electromagnon is equal to the strength of the electro-
magnon in TbMn2O5, but its frequency is a factor of two
lower, which leads to the four times larger εb(kHz, T ,
7 T) step. Further studies, such as theoretical modeling
of complex magnetic states and excitations in rare earth
manganites with competing interactions between spins,
calculations of the strength of the f -f electric dipole
transitions, and millimeter wave measurements at higher
magnetic fields can lead to better understanding of the
magneto-dielectric effects in multiferroics.
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